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Stresses in zinc oxide (ZnO) films prepared by radio frequency (rf) magnetron sputtering have 
been studied using a bending beam technique. The stresses exhibited at room temperature have 
been found to be strongly substrate dependent. The films deposited on gallium-arsenide (GaAs) 
substrates have exhibited much less compressive stress than those on silicon. This was contrary 
to what was expected. This may be attributed to: as revealed by x-ray diffraction experiments, 
the films grown on GaAs are less crystalline so that peening effect could occur less intensively 
during deposition. The stress varies with different processing conditions, especially substrate 
temperature and total gas pressure. 
INTRODUCTION 
Zinc oxide (ZnO) film can be used in thin-film device 
applications, such as pressure sensors or surface acoustic 
wave transducers.‘-3 This is due to its inherent piezoelec- 
tric and surface acoustic characteristics. Zinc oxide film 
must have a high c-axis orientation”8 to provide sound 
piezoelectric or surface acoustic properties to a given thin- 
film device. Sputtering is, among several available tech- 
niques, a very good method in making a highly c-axis ori- 
ented zinc oxide film having a coupling coefficient 
comparable to that of zinc oxide single crystal.’ 
Significantly high residual stress, however, may arise in 
the resulting film by sputtering. The stress, as known, may 
cause several undesired problems if too high. It should be 
minimized or optimized against other design factors. Hav- 
ing a thorough understanding about the stress in the film 
prepared by sputtering seems necessary. The stress in the 
film may also vary accordingly. This is since the film struc- 
ture and/or orientation may vary with different processing 
conditions, such as substrate temperature, sputtering 
power, and total gas pressure, etc. The effects of various 
different processing conditions on the residual stresses in 
magnetro sputtered zinc oxide thin films have been exam- 
ined in this study. 
EXPERIMENT 
The zinc oxide films studied were prepared by radio 
frequency (rf) magnetron sputtering on 3-inch (100) ori- 
entation silicon (Si) and gallium-arsenide (GaAs) sub- 
strates. The sputtering chamber was evacuated to 
< 6 X 10 - ’ Torr before sputtering. Various different sub- 
strate temperatures, sputtering powers, total gas pressures, 
and pressure ratios of argon (Ar) to oxygen (0,) were 
used during sputtering. Stresses in those magnetron sput- 
tered zinc oxide films were determined by using a bending 
beam technique.“*” 
Structures of the as-deposited ZnO thin films were de- 
termined by using a Rigaku wide-angle x-ray diffracto- 
meter with a nickle filtered copper Ka, radiation. The 
power supply was set at 30 kV and 20 mA. 
RESULTS AND DISCUSSION 
The effect of substrate temperature, T, on the internal 
residual stresses in the ZnO films deposited on Si and 
GaAs substrates is shown in Fig. 1. The thicknesses of the 
films ranged from 1 .O to 1.5 pm. The power was set at 200 
W, Ar to Oz pressure ratio l:l, and total gas pressure 0.53 
Pa during sputtering, unless otherwise specified. The 
stresses were determined at room temperature and were 
compressive for all the films. The compressive stresses de- 
creased with the increase of TP The phenomenon seemed 
to be normal on Si since the ZnO films should have had 
thermal expansion coefficients, a, higher than that of Si, 
and, upon cooling from a higher T, more tensile stress due 
to thermal mismatch would result. The film would have 
then become less compressive. The a of Si being 2.5 
x 10 - ‘PC at room temperature is noteworthy. ZnO crys- 
tal was hexagonal and its all and a33 were, respectively, 
6.05 and 3.53 X 10 - 6/‘C at 0 “C, reported by one group, 
or 3.2 and 3.9 X lO-6PC at 40 “C, respectively, by an- 
other group.” No matter which of the data were used and 
regardless of the orientation of the ZnO film, the a of the 
ZnO film seems to have been much larger than that of Si. 
The a of GaAs was 5.5 x 10 - ‘PC at room temper- 
ature. The resulting thermal mismatch would have been 
smaller than that between the film and Si if the a of the 
ZnO film was also greater than that of GaAs. This was the 
a of GaAs which was much closer to the film. The com- 
pressive residual stress, in such a case, exhibiting in the 
film on GaAs at room temperature should have decreased, 
but less markedly, with the increase of T,, providing the 
films deposited on GaAs at the different T, had the same 
intrinsic stress. The decrease in the compressive residual 
stress in the films on GaAs was, actually, much less pro- 
nounced than that on Si, for T, increasing from 250 to 
450 “C (as can be seen in Fig. 1). 
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FIG. 1. Effect of substrate temperature on the residual stresses in the ZnO 
films deposited on Si and GaAs substrates. These data were measured at 
room temperature. The thicknesses of the films range from 0.4 to 2.1 pm. 
During sputtering, the power was set at 200 W, Ar to 0s pressure ratio 
l:l, and total gas pressure 0.53 Pa. The solid line is for ZnO films depos- 
ited on Si and dashed line on GaAs. 
The thermal mismatch of a of GaAs with the film 
would have a sign opposite to that of Si with the film if the 
a of GaAs is greater than that of the film. The compressive 
residual stress exhibited at room temperature, in such a 
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FIG. 2. (002) diffraction peaks of the ZnO films deposited on Si and 
GaAs substrates. These peaks were taken from the out-of-plane direction 
of the films. During sputtering, the power was set at 200 W, Ar to 0, 
pressure ratio l:l, total gas pressure 0.53 Pa, and substrate temperature 
450 “C. 
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FIG. 3. The effect of total gas pressure on the residual stresses in the ZnO 
films deposited on the two different substrates. During sputtering, the 
power was set at 200 W, Ar to 0, pressure ratio l:l, and substrate 
temperature 350°C. The solid line is for ZnO films deposited on Si and 
dash line on GaAs. 
case, would have become more compressive with the in- 
crease of T,. Further experiments, however, are needed for 
clarifying whether GaAs or the film has a greater a and 
whether the intrinsic stress is T, dependent or independent 
in the temperature range. 
Less tensile or more compressive thermal stress, in ei- 
ther case mentioned above, would be induced upon cooling 
from the substrate temperature. The resulting residual 
stresses exhibited in the films on GaAs should be more 
compressive than those on Si. On the contrary, the residual 
stresses in the films on GaAs are unanimously less com- 
pressive. The films deposited on GaAs having a much 
higher tensile or less compressive intrinsic stress is very 
likely. 
The above postulation may be supported indirectly by 
the x-ray diffraction experiments. The diffraction patterns 
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FIG. 4. The effect of Ar to 0, pressure ratio on the residual stresses in the 
ZnO films deposited on the two different substrates. During sputtering, 
the power was set at 200 W, total gas pressure 0.53 Pa, and substrate 
temperature 350 ‘C. The solid line is for ZnO films deposited on Si and 
dashed line on GaAs. 
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FIG. 5. The effect of sputtering power on the residual stresses in the ZnO 
fi lms deposited on the two different substrates. During sputtering, the 
total gas pressure was 0.53 Pa, Ar to O2 pressure ratio l:l, and substrate 
temperature 350 “C. The solid line is for ZnO fi lms deposited on Si and 
dashed line on GaAs. 
(Fig. 2) were taken from the out-of-plane direction of the 
films. The peak at 26 = 34” corresponds to the diffraction 
from the (002) planes of the ZnO crystals.*3”4 No other 
peaks could be observed from the films, except the (002) 
and (004) peaks. Both films have apparently exhibited a 
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preferred c-axis orientation; i.e., the c-axes of the crystals 
are predominantly aligned perpendicular to the film  plane. 
However, as seen from the heights of the characteristic 
diffraction peaks, the film  grown on GaAs is less crystalline 
when compared with that on Si. Peening phenomenon 
would, as is known, occur on a crystalline film  during 
sputtering process. The resulting film  would then be in a 
compressive state and exhibit compressive intrinsic stress. 
Peening phenomenon would occur less intensively since 
the films grown on GaAs are much less crystalline. They 
would then be in a less compressive state and exhibit a 
smaller compressive intrinsic stress. The resulting residual 
stresses in these films at room temperature would conse- 
quently be less compressive as observed. 
For the films deposited at the same T, i.e., 350 “C, the 
resulting stresses vary significantly with the variation of 
total gas pressure from 0.5 to 5 Pa (Fig. 3). The compres- 
sive stresses first decreased with an increase of the pressure 
in the low-pressure range. This is similar to many other 
sputtered thin films.‘5916 After reaching a m inimum com- 
pressive stress at around 2 Pa, they further increased, but 
less markedly, with the increase of the pressure. 
The effect of the pressure ratio of Ar to O2 is shown in 
Fig. 4. The ratio has been varied from 0.33 to 3. No sig- 
nificant effect, however, has been observed on the residual 
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FIG. 6. Effects of (a) substrate temperature, (b) total gas pressure, (c) pressure ratio of Ar to O,, and, (d) sputtering power on the height of (002) 
diffraction peak of ZnO films. The solid lines are for the ZnO fi lms deposited on Si and dashed line on GaAs. Unless otherwise specified, the power was 
set at 200 W, Ar to 0, pressure ratio l:l, total gas pressure 0.53 Pa, and substrate temperature 350°C during sputtering. 
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stresses of the films for either substrate. The compressive those on GaAs. This may explain why the films on Si have 
residual stresses increased slightly by varying the sputter- exhibited a much higher compressive residual stress, since 
ing power from 100 to 300 W (Fig. 5). The increase may peening effect would result in a compressive film structure 
be attributed to the enhancement of a peening effect at a and it is more likely to occur in a film with a higher degree 
higher sputtering power. of crystallinity. 
From the above results shown in Figs. 1 and 3-5, one 
can clearly observe that the compressive stress in the films 
on Si is much larger than that on GaAs regardless of pro- 
cessing condition. This may also be attributed to the dif- 
ference in crystallinity of the films on the two different 
substrates. The effects of substrate temperature, total gas 
pressure, pressure ratio of Ar to 02, and sputtering power 
on the height of the (002) diffraction peak are shown in 
Figs. 6(a)-6( d), respectively. Regardless of the fact that 
based on the same substrate, the resulting diffraction inten- 
sity may vary significantly or insignificantly with different 
processing conditions, all the ZnO films deposited on Si 
have exhibited a much higher degree of crystallinity when 
compared with those on GaAs. As mentioned earlier, peen- 
ing effect would result in a highly compressive film struc- 
ture and would be more pronounced for films with a higher 
degree of crystallinity. The above result can be used to 
explain why the compressive stress in the films on Si is 
much higher than that on GaAs. 
ACKNOWLEDGMENTS 
The authors would like to thank Dr. L. Hsu (currently 
with Choung-shan Institute of Science and Technology) 
for his help in preparing the films studied. Financial sup- 
ports in part from the National Science Council, Taiwan, 
Republic of China thorugh project NSC-81-0405-E-007-04 
and Tsing-Hua University through Academic Research 
Funding Program are greatly acknowledged. 
‘F. S. Hickemell, J. Appl. Phys. 44, 1061 (1973). 
2N. Chubachi, Proceedings of the IEEE 64, 772 ( 1976). 
3B. T. Khuri-Yakub, G. S. Kino, and P. Galle, J. Appl. Phys. 46, 3266 
(1975). 
‘N. F. Foster, G. A. Coquin, G. A. Rozgonyi, and F. A. Vannatta, IEEE 
Trans. Sonics Ultrason. 15. 28 ( 1968). 
‘G. A. Rozgonyi and W. J.‘Polito, Appl. Phys. Lett. 8, 220 (1966). 
6J. Deklerk, Ultrason. 8, 159 ( 1970). 
‘A. H. Fahmy and E. L. Adler, IEEE Trans. Sonics Ultrason. 19, 346 
(1972). 
‘M. Miura, Jpn. J. Appl. Phys. 21, 264 (1982). 
9N. F. Foster, in Handbook of Thin Film Technology, edited by L. I. 
Maissel and R. Glang (McGraw-Hill, New York, 1970), Chap. 15; D. 
L. Denburg, IEEE Trans. Sonics Ultrason. 18, 31 (1971). 
“J. H. Jou, L. Hsu, S. Yeh, and T. Shyy, Chinese J. Mater. Sci. 22, 280 
(1990). 
“J. H. Jou, L. Hsu, S. Yeh, and T. Shyy, Thin Solid Films 201, 69 
(1991). 
“R S Krishnan, R. Srinivasan, and S. Devanarayanan, Thermal Expan- 
si& if Crystals (Pergamon, Oxford, 1979). 
13S. Maniv and A. Zangvil, J. Appl. Phys. 49, 2787 (1978). 
14T. Yamamoto, T. Shiosaki, and A. Kawabata, J. Appl. Phys. 51, 3113 
(1980). 
15J. A. Thornton and D. W. Hoffman, Thin Solid Films 171, 5 (1989). 
16H. Windischmann, J. Vat. Sci. Technol. A 9, 2431 (1991). 
SUMMARY 
The residual stresses exhibited in the sputtered ZnO 
films are all compressive. Their magnitudes, however, vary 
markedly with different substrates. They vary significantly 
with the variation of the total gas pressure, but nearly 
independent of the Ar/Oz pressure ratio. They would be- 
come more compressive slightly at a higher sputtering 
power. All the ZnO films deposited on Si have exhibited a 
much higher degree of crystallinity when compared with 
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